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We report on the mineralogy, petrology, and in situ measured oxygen-isotope compositions of three Fluﬀy Type A Ca,Al-
rich inclusions (FTA CAIs) and two amoeboid olivine aggregates (AOAs) from the CV3.1 carbonaceous chondrite Kaba. The
FTA CAIs are aggregates of several inclusions composed of spinel, Al,Ti-diopside, and gehlenitic melilite replaced to various
degrees by anorthite; they are surrounded by the Wark-Lovering rim layers made of spinel, anorthite, Al-diopside, and for-
sterite. One of FTA CAIs contains a relict ultrarefractory inclusion composed of Sc-rich Al,Ti-pyroxene, spinel, and Zr-rich
oxides. The AOAs are aggregates of Ca- and/or Al-rich minerals (spinel, anorthite, and Al,Ti-diopside) surrounded by for-
sterite ± Fe,Ni-metal condensates; Fe,Ni-metal is almost entirely replaced by magnetite and Fe,Ni-sulﬁdes. Neither the FTA
CAIs nor the AOAs show evidence for being melted after aggregation, and contain very minor secondary alteration minerals
resulted from ﬂuid-rock interaction on the CV parent asteroid. These include magnetite, fayalite, hedenbergite, phyllosilicates,
and Fe-bearing Ti-free Al-diopside; secondary anorthite of asteroidal origin is absent in Kaba CAIs and AOAs. There are
large variations in D17O (deviation from the terrestrial fractionation line = d17O  0.52  d18O) within the individual FTA
CAIs and AOAs: anorthite and melilite are systematically 16O-depleted (D17O range from 14 to 2‰) relative to the
uniformly 16O-rich forsterite and Al,Ti-diopside (D17O  25 to 20 ± 2‰, 2r). Scandium-rich Al,Ti-pyroxene has 16O-
poor composition (D17O  4‰). Many anorthite and melilite analyses plot close to or along mass-dependent fractionation
line with D17O of 1.5 ± 1‰ (average ± 2SD) deﬁned by the aqueously-formed magnetite and fayalite from Kaba, and, there-
fore, corresponding to D17O of an aqueous ﬂuid that operated on the CV parent asteroid. We conclude that anorthite and
probably melilite in the Kaba FTA CAIs and AOAs experienced postcrystallization oxygen-isotope exchange with this ﬂuid.
The similar process must have aﬀected plagioclase/plagioclase mesostasis and probably melilite in refractory inclusions and
chondrules from CV3 chondrites of higher petrologic types [e.g., Allende (CVoxA3.6) and Efremovka (CVred3.1–3.4)], which
appear to have experienced higher temperature metasomatic alteration than Kaba and were subsequently metamorphosed.
We conclude that the carbonaceous chondrite anhydrous mineral (CCAM) line deﬁned by oxygen-isotope compositions of
whole-rock and mineral separates of Allende CAIs and having a slope of 0.94 is not the primary nebular line. Instead this line
results from superposition of the nebular slope-1 line recorded by the primitive chondrule mineral (PCM) line, thehttps://doi.org/10.1016/j.gca.2018.11.002
0016-7037/ 2018 The Author(s). Published by Elsevier Ltd.
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oxygen-isotope exchange with an aqueous ﬂuid.
 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Oxygen-isotope composition of the Sun inferred from
the measurements of the solar wind returned by the Genesis
spacecraft (McKeegan et al., 2011) is 16O-enriched
(D17O = 28.4 ± 3.6‰) relative to the whole-rock
oxygen-isotope compositions of most solids formed in the
Solar System, including chondrites and achondrites, and
chondrule phenocrysts, which all plot close to the terrestrial
fractionation line (D17O  0 ± 5‰). The only exceptions
are refractory inclusions [Ca,Al-rich inclusions (CAIs)
and amoeboid olivine aggregates (AOAs)], which typically
have solar-like oxygen isotopic compositions,
D17O  24 ± 2‰ (e.g., Makide et al., 2009; Ko¨o¨p et al.,
2016; Ushikubo et al., 2017). It is thought that refractory
inclusions formed at the earliest stages of the protoplane-
tary disk evolution in a high-temperature disk region
exposed to irradiation by solar energetic particles and hav-
ing approximately solar chemical and oxygen isotopic com-
positions, most likely near the protoSun (e.g., McKeegan
et al., 2000; Krot et al., 2009; Connelly et al., 2012;
MacPherson, 2014; Sossi et al., 2017). In the least metamor-
phosed carbonaceous chondrites of petrologic types 2–3.0
[CR2–3 (Renazzo-type), CM2 (Mighei-type), CO3.0
(Ornans-type), CH3.0 (metal-rich carbonaceous), and Acfer
094 (C3.0 ungrouped)], most AOAs, CAIs, and CAIs’
Wark-Lovering (WL) rims are uniformly 16O-rich
(D17O  24 ± 2‰; e.g., Makide et al., 2009; Matzel
et al., 2013; Bode´nan et al., 2014; Ko¨o¨p et al., 2016; Krot
et al., 2014a, 2017; Ushikubo et al., 2017). In contrast, most
CAIs and their WL rims in CV (Vigarano-type) carbona-
ceous chondrites are isotopically heterogeneous (D17O
range from 24 to 2‰), with anorthite, melilite,
and, occasionally, Al,Ti-diopside being 16O-depleted rela-
tive to uniformly 16O-rich hibonite, spinel, and forsterite
(e.g., Yurimoto et al., 1998; Itoh and Yurimoto, 2003;
Simon et al., 2011; Park et al., 2012). The oxygen isotopic
heterogeneity of the CV igneous CAIs, typically showing
a narrow range of the inferred initial 26Al/27Al ratios [(26-
Al/27Al)0], (4.2 – 5.2)  105 (e.g., Kita et al., 2013), has
been interpreted as evidence for transport of CAIs between
the solar-like (16O-rich) and planetary-like (16O-poor) neb-
ular reservoirs accompanied by condensation and incom-
plete melting multiple times within 0.2 Ma of CAI
formation (e.g., Yurimoto et al., 1998; Simon et al., 2011;
Park et al., 2012). However, since CV chondrites experi-
enced ﬂuid-assisted thermal metamorphism on their parent
asteroid (Brearley and Krot, 2012 and references therein), a
postcrystallization oxygen isotopic exchange during ﬂuid-
rock interaction as one of the possible mechanisms of this
isotopic heterogeneity cannot be entirely excluded (e.g.,Yoshitake et al., 2002; Yurimoto et al., 2008 and references
therein; Bode´nan et al., 2014; Krot et al., 2017).
In order to investigate a possible role of ﬂuid-rock
interaction in 16O-depletion of primary (i.e., of nebular
origin) anorthite and melilite in CV refractory inclusions
(note that nearly pure anorthite and Na-rich melilite are
also found as secondary (i.e., asteroidal) minerals in
Allende CAIs (e.g., Brearley and Krot, 2012 and refer-
ences therein)), we studied oxygen-isotope compositions
of primary anorthite, melilite, forsterite, Al,Ti-diopside,
and Sc-rich Al,Ti-pyroxene, and secondary Fe-bearing
Ti-free Al-diopside in the apparently unmelted Fluﬀy Type
A (FTA) CAIs and AOAs from the Kaba meteorite with
the Universisty of Hawai’i (UH) Cameca ims-1280 sec-
ondary ion mass-spectrometer (SIMS). The ﬁrst detailed
analytical description of Kaba meteorite is related to
Sztro´kay (1959, 1960) and Sztro´kay et al. (1961). It’s clas-
siﬁcation has changed several times; it is currently classi-
ﬁed to Bali-type oxidized CVoxB subgroup (Wood, 1967;
van Schmus and Wood, 1967; McSween, 1977; Peck,
1983; Guimon et al., 1995; Krot et al., 2004; Rubin,
2012). The mineralogy of refractory inclusions (mainly
of CAIs) of Kaba wad also investigated by several authors
(e.g., Sztro´kay, 1959, 1960; Sztro´kay et al., 1961;
Grossman and Ganapathy, 1976; McSween, 1977; Fegley
and Post, 1985; Holmen and Wood, 1987; Keller and
Buseck, 1990). Kaba (CVoxB3.1) experienced aqueous/
hydrothermal alteration, but largely avoided subsequent
thermal and/or shock metamorphism experienced by
meteorites of the oxidized Allende-like subgroup (e.g.,
Allende (CVoxA3.6)) and by some meteorites of the
reduced subgroup (e.g., Leoville and Efremovka
(CVred3.1–3.4)) (Krot et al., 1998; Bonal et al., 2006).
Based on the detailed mineralogical, chemical, and iso-
topic studies and thermodynamic analysis, several infer-
ences about alteration of the Bali-like CV chondrites have
been previously made: (i) The alteration occurred at
200–300 C and resulted in formation of magnetite, phyl-
losilicates, nearly pure fayalite, hedenbergite, and andradite
(Krot et al., 1998; Hua et al., 2005; Zolotov et al., 2006;
Brearley and Krot, 2012). (ii) Fayalite in the oxidized
Bali-like CV3 chondrite Asuka 881,317 formed 5:1þ0:50:4 Ma
after formation of CV CAIs (Doyle et al., 2015). (iii)
D17O of aqueously-formed fayalite and magnetite in Kaba
(1.5 ± 1‰, average ± 2SD) can be used to constrain
D17O of an aqueous ﬂuid on the CV parent asteroid
(Krot et al., 2015). (iv) Plagioclase and plagioclase mesosta-
sis in Kaba chondrules experienced nearly complete
oxygen-isotope exchange with this ﬂuid (Krot et al.,
2018), but appear to have avoided disturbance of Al-Mg
isotope systematics (Nagashima et al., 2017).
Fig. 1. Combined x-ray elemental maps in (a) Mg (red), Ca (green),
and Al (blue), and (b) Ti (red), Ca (green), and Al (blue), and (c)
backscattered electron (BSE) images of the Kaba CAI MP56-8.
Region outlined in ‘‘a” and ‘‘b” is shown in detail in ‘‘c”. The CAI
consists of melilite, spinel, and Al,Ti-diopside; the melilite is
replaced by anorthite. The CAI is surrounded by the layers of Al-
poor diopside, forsterite, and hedenbergite. AlTi-cpx = Al,Ti-
diopside; an = anorthite; cpx = Al-poor diopside; fo = forsterite;
hed = hedenbergite; mel = melilite; sp = spinel. (For interpretation
of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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FTA CAIs and AOAs from Kaba experienced oxygen-
isotope exchange on the CV parent asteroid with the same
ﬂuid that aﬀected Kaba chondrules. The preliminary results
of this study have been previously reported by Krot and
Nagashima (2016).
2. ANALYTICAL PROCEDURES
2.1. Mineralogy and petrology
Three FTA CAIs and two AOAs studied here were iden-
tiﬁed in two polished thin sections of Kaba, MP-56 and
MP-57, using x-ray elemental mapping with the UH JEOL
JXA-8500F ﬁeld-emission gun electron microprobe (FE
EPMA). The Kaba sections, kindly provided by Dr. M. I.
Petaev (Harvard University), were mapped in Mg, Ca, Al,
Ti, Si, Na, and Cl x-rays using a 10 mm electron beam,
15 kV accelerating voltage, 100 nA beam current, 20 ms
per pixel acquisition time, and resolution of 10 mm per
pixel with wavelength dispersive spectrometer detectors.
The identiﬁed refractory inclusions were mapped in Mg,
Ca, Al, and Ti x-rays using fully focused electron beam,
100 nA beam current, 30 ms per pixel acquisition time,
and resolution of 1 mm per pixel. Elemental maps in
Mg, Ca, Ti and Al Ka were combined using an RGB-
color scheme (Mg or Ti – red, Ca – green, and Al – blue).
The combined Mg:Ca:Al maps were used to show the
major mineralogies of CAIs and AOAs: in these maps, spi-
nel is purple, forsterite is red, anorthite is blue, melilite is
bright-green, and Al,Ti-diopside and hedenbergite are
dark-green. The Ti:Ca:Al maps were used to distinguish
Ti-poor and Ti-rich Al-diopsides: the former is green, the
latter is orange. The CAIs an AOAs were subsequenty stud-
ied with back scattered electron (BSE) imaging using JXA-
8500F. The combined x-ray elemental maps and BSE
images of the Kaba CAIs and AOAs studied are shown
in Figs. 1–4.
Quantitative electron microprobe analyses were per-
formed with JXA-8500F operated at 15 kV accelerating
voltage, 15 nA beam current, and fully focused beam using
ﬁve WDS (wavelength-dispersive sprecroscopy) detectors.
For each element, counting times on both peak and back-
ground were 30 sec. Minerals with known chemical compo-
sitions were used as standards. A ZAF matrix correction
method was used (a phi-rho-z correction; Armstrong,
1988). The element detection limits with these analytical
conditions were (in wt%): Al2O3 and K2O (0.01), SiO2,
MgO, CaO, and Na2O (0.02), TiO2, Cr2O3, and MnO
(0.03), and FeO (0.04). The representative electron micro-
probe analyses of minerals in Kaba CAIs and AOAs mea-
sured for oxygen-isotope compositions are listed in Table 1.
2.2. Oxygen isotopic measurements
Oxygen isotopic compositions of individual CAI and
AOA minerals were measured in situ with the UH Cameca
ims-1280 SIMS using a 15–20 pA focused Cs+ primary ion
beam of 20 keV impact energy and 2 mm in diameter. The
secondary ion mass spectrometer was operated at 10 keVwith a 50 eV energy window. 16O and 18O were measured
on multicollector Faraday Cup (FC) and electron multiplier
(EM), respectively. 17O was measured with the axial EM.
The mass resolving power (m/Dm) for 16O and 18O was
Fig. 2. Combined x-ray elemental maps in (a, b) Mg (red), Ca (green), and Al (blue), and (c) Ti (red), Ca (green), and Al (blue), and (e–h)
backscattered electron (BSE) images of the Kaba CAIMP57-10. Regions outlined in ‘‘a” and ‘‘b, c” are shown in detail in ‘‘b–h”. The CAI is
an aggregate of multiple refractory inclusions having diﬀerent modal mineralogies and composed of melilite, Al,Ti-diopside, and spinel, and
surrounded by the layers of ± spinel, anorthite, Al-poor diopside, forsterite, and hedenbergite. Melilite is corroded by compact anorthite.
AlTi-di = Al,Ti-diopside; an = anorthite; di = Al-poor diopside; fo = forsterite; hed = hedenbergite; mel = melilite; sp = spinel. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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interfering 16OH. A normal-incidence electron ﬂood gun
was used for charge compensation. To verify the positions
of the sputtered regions, the spots analyzed for oxygen iso-
topes were studied with secondary and back scattered elec-
tron images using the UH JEOL JXA-8500F electron
microprobe before and after SIMS measurements. All
SIMS spots are shown in Electronic Annex (Figs. EA1–
EA5).
Oxygen-isotope compositions are reported as d17O and
d18O, deviations from Vienna Standard Mean Ocean Water(SMOW; 17O/16OVSMOW = 0.000380;
18O/16OVSMOW =
0.002005; De Laeter et al., 2003) in parts per thousand:
d17;18OSMOW ¼ ½ð 17;18O= 16OsampleÞ=ð 17;18O= 16OVSMOWÞ  1
 1000;
and as deviation from the terrestrial fractionation (TF) line,
D17O = d17O  0.52  d18O.
Data for high-Ca pyroxene, anorthite, melilite, and for-
sterite were corrected using high-Ca pyroxene, Miyake-jima
anorthite, and San Carlos olivine standards, respectively.
Fig. 3. Combined x-ray elemental maps in (a) Mg (red), Ca (green), and Al (blue), and (b) Ti (red), Ca (green), and Al (blue), and (e–h)
backscattered electron (BSE) images of the Kaba CAI MP57-12. Regions outlined in ‘‘b” and ‘‘c” are shown in detail in ‘‘c, e” and ‘‘d”,
respectively. The CAI consists of multiple concentrically-zoned objects having anorthite-spinel ± Al,Ti-diopside cores and surrounded by the
layers of Al-diopside and ± forsterite. Anorthite grains show triple junctions (indicated by arrows in ‘‘e” and is corroded by secondary
minerals (phyllosilicates?). A core of one of the objects consists of Sc,Al,Ti-diopside containing small inclusions of Zr-rich oxides. AlTi-
di = Al ± Ti-diopside; ScAlTi-di = Sc-rich Al,Ti-diopside; an = anorthite; fo = forsterite; hed = hedenbergite; mel = melilite; sec = sec-
ondary minerals; sp = spinel; Zr-ox = Zr-rich oxides. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)
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measurement precision on an individual analysis and the
external reproducibility for standard measurements during
a given analytical session. The external reproducibility on
the multiple analyses of the standard was 1.5–2‰ (2r)
for both d17O and d18O. Oxygen isotopic compositions of
individual minerals in Kaba CAIs and AOAs measured
are listed in Table 2 and shown in Fig. 5a and b.3. RESULTS
3.1. Minerology and petrology
MP56-8 is a FTA CAI, 385  440 mm2 in size, composed
of multiple concentrically-zoned irregularly-shaped objects,
each having a melilite–Al,Ti-diopside–spinel core sur-
rounded by the WL rim layers of Al-diopside and minor
Fig. 4. Combined x-ray elemental maps in (a) Mg (red), Ca (green), and Al (blue), and (b) Ti (red), Ca (green), and Al (blue), and (c–f)
backscattered electron (BSE) images of the Kaba AOAs MP56-3 (a–d) and MP56-5a (e, f). Regions outlined in ‘‘a” and ‘‘e” are shown in
detail in ‘‘c, d” and ‘‘f”, respectively. The AOAs are aggregates of numerous anorthite-spinel-Al ± Ti-diopside inclusions, Fe,Ni-metal, and
forsterite. Anorthite is corroded by phyllosilictes; Fe,Ni-metal is oxidized and sulﬁdized to form magnetite and Fe,Ni-sulﬁdes. AlTi-di = Al
± Ti-diopside; an = anorthite; cpx = Al ± Ti-diopside; Fe,Al-di = secondary Fe-bearing Al-diopside; fo = forsterite; mel = melilite;
mgt = magnetite; phyl = phyllosilicate; sf = sulﬁde; sp = spinel. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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gite (CaFeSi2O6) (Fig. 1). The individual objects are sepa-
rated by large voids, consistent with unmelted nature of
the CAI. Spinel is compositionally nearly pure MgAl2O4
(<0.6 wt% FeO, <0.2 wt% Cr2O3). The core pyroxene con-
tains high TiO2 (3.3–13.2 wt%) and Al2O3 (14.5–23.8 wt%).
The rim pyroxene is Ti-poor/free Al-diopside (1 wt%
Al2O3). Melilite is a˚kermanite-poor (Ak14–23); it is exten-
sively replaced by a compact compositionally pure anor-
thite, CaAl2Si2O8 (Fig. 1c). Note that secondary anorthiteand dmisteinbergite replacing primary melilite and anor-
thite in the Allende CAIs form highly porous regions
(e.g., Brearley and Krot, 2012; Park et al., 2013; Fintor
et al., 2014).
MP57-10 is a FTA CAI, 3.4  4.1 mm2 in size, com-
posed of multiple irregularly-shaped refractory inclusions
having rounded outlines and diﬀerent modal mineralogies:
melilite-rich and spinel-rich inclusions can be recognized
(Fig. 2). The individual CAIs consist of melilite, Al,Ti-
diopside, spinel, and anorthite that replaces melilite; they
Table 1
Representative microprobe analyses of minerals in the Kaba CAIs and AOAs studied.
Object Mineral SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total Fa A˚k
MP56-3 an 44.0 0.04 36.8 n.d. 0.08 n.d. 0.24 18.8 0.03 n.d. 100.0 – –
-‘‘- cpx 53.3 n.d. 2.4 n.d. 3.1 n.d. 16.3 25.1 n.d. n.d. 100.2 – –
-‘‘- cpx 51.6 0.43 5.8 0.04 0.36 n.d. 20.3 22.7 n.d. n.d. 101.2 – –
-‘‘- fo 42.6 n.d. 0.03 0.09 0.13 0.04 58.1 0.23 n.d. n.d. 101.3 0.1 –
MP56-5a an 44.5 n.d. 37.6 n.d. 0.08 n.d. 0.08 18.3 0.02 0.01 100.6 – –
-‘‘- cpx 51.2 0.83 5.5 0.03 0.52 n.d. 19.3 21.8 n.d. 0.01 99.3 – –
-‘‘- fo 42.8 0.05 0.03 0.09 0.09 n.d. 58.5 0.21 n.d. n.d. 101.7 0.1 –
MP56-8 AlTi-cpx 32.3 13.2 23.8 0.07 n.d. n.d. 6.3 24.2 n.d. 0.01 100.0 – –
-‘‘- an 43.4 0.05 37.5 n.d. n.d. 0.03 0.03 18.8 n.d. n.d. 99.9 – –
-‘‘- cpx 55.7 n.d. 1.1 n.d. 0.13 n.d. 18.7 25.2 n.d. n.d. 100.8 – –
-‘‘- mel 24.6 n.d. 32.7 n.d. n.d. n.d. 2.1 40.1 n.d. n.d. 99.6 – 14
-‘‘- mel 25.7 0.03 31.5 n.d. n.d. n.d. 2.7 40.4 n.d. n.d. 100.3 – 18
MP57-10 AlTi-cpx 36.1 9.0 22.3 0.06 0.21 n.d. 8.7 23.9 n.d. n.d. 100.4 – –
-‘‘- AlTi-cpx 28.2 17.1 26.5 0.06 0.07 0.03 5.1 23.4 n.d. n.d. 100.4 – –
-‘‘- an 44.5 n.d. 36.3 n.d. 0.08 n.d. 0.05 18.1 n.d. n.d. 99.1 – –
-‘‘- cpx 55.9 n.d. 0.23 n.d. 0.28 0.03 19.1 24.0 n.d. n.d. 99.5 – –
-‘‘- cpx 55.0 0.15 1.7 n.d. 0.59 n.d. 19.0 23.0 0.02 n.d. 99.6 – –
-‘‘- mel 24.2 n.d. 32.9 n.d. n.d. n.d. 1.8 40.0 n.d. n.d. 99.0 – 13
-‘‘- mel 27.8 0.04 27.6 n.d. 0.04 n.d. 3.7 39.5 n.d. 0.01 98.8 – 26
-‘‘- sp 0.0 0.38 71.6 0.16 0.10 n.d. 27.3 0.07 n.d. n.d. 99.6 – –
MP57-12 ScAlTi-cpx 35.3 9.6 17.0 0.09 0.10 n.d. 8.8 23.2 n.d. n.d. 94.1 – –
-‘‘- ScAlTi-cpx 32.5 9.6 19.6 0.06 0.46 n.d. 7.4 22.5 n.d. n.d. 92.1 – –
-‘‘- AlTi-cpx 40.1 6.9 17.2 0.05 0.40 n.d. 10.3 23.9 n.d. 0.01 98.7 – –
-‘‘- AlTi-cpx 34.2 12.0 21.5 0.08 0.31 n.d. 7.5 23.8 n.d. n.d. 99.5 – –
-‘‘- an 42.6 n.d. 37.9 n.d. 0.21 n.d. 0.15 18.5 0.02 0.01 99.4 – –
-‘‘- cpx 48.6 0.26 11.5 0.08 0.21 n.d. 14.3 24.9 n.d. n.d. 99.9 – –
-‘‘- cpx 47.3 3.2 9.9 0.09 0.19 0.05 14.5 23.3 n.d. n.d. 98.5 – –
-‘‘- fo 42.2 0.06 0.02 0.19 0.72 0.13 57.7 0.08 n.d. n.d. 101.1 0.7 –
an = anorthite; cpx = Ti-poor Al-diopside; AlTi-cpx = AlTi-diopside; ScAlTi-cpx = Sc-bearing AlTi-diopside (contains 6–8 wt% Sc2O3);
mel = melilite; sp = spinel. n.d. = not detected. Fa = fayalite mol%; Ak = a˚kermanite mol%.
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anorthite, Al-diopside, and forsterite, and by a discontinu-
ous layer of hedenbergite. The individual inclusions are
often separated by large voids. Spinel and anorthite are
compositionally nearly pure MgAl2O4 and CaAl2Si2O8,
respectively. Melilite is a˚kermanite-poor (Ak7–30). The
pyroxenes in the cores of individual inclusions contain high
TiO2 (9–17 wt%) and Al2O3 (22–26.5 wt%); the rim pyrox-
ene is Ti-poor Al-diopside (<0.2 wt% TiO2 and up to 4.1 wt
% Al2O3).
MP57-12 is an irregularly-shaped FTA CAI,
560  720 mm2 in size, composed of multiple
concentrically-zoned objects having anorthite cores sur-
rounded by the rims of Ti-poor Al-diopside (in wt%, 0.3–
1 TiO2, 4.3–11.1 Al2O3) and nearly pure forsterite (Fa0.7)
(Fig. 3). The cores of some objects contain Al,Ti-diopside
(in wt%, 6.9–12 TiO2, 17.2–19.6 Al2O3) or Sc-rich Al,Ti-
diopside (in wt%, 6–8 Sc2O3, 6.9–9.8 TiO2, 17–20 Al2O3)
with tiny inclusions of spinel and Zr-rich oxides (Fig. 3b–
d). The anorthite grains often contain micron-sized inclu-
sions of spinel and show 120 triple junctions (Fig. 3e),
indicative of high-temperature origin; anorthite apparently
replaces melilite. As in two other FTA CAIs studied,
MP57-12 contains abundant voids.AOAs MP56-3, 1.1  1.5 mm2 in size (Fig. 4a–d), and
MP56-5a, 340  550 mm2 in size (Fig. 4e,f), are composed
of multiple refractory inclusions having anorthite ± spinel
cores rimmed by Ti-poor Al-diopside (in wt%, 0.2–0.4
TiO2, 4.3–5.8 Al2O3) and surrounded by aggregates of
euhedral forsterite grains (Fa0.1–0.3) and opaque nodules
composed of secondary magnetite and Fe,Ni-sulﬁdes.
Anorthite is corroded by phyllosilicates. In MP56-3, Al-
diopside is occasionally overgrown by secondary Fe-
bearing Ti-free Al-diopside (Fig. 4c; in wt%, 2.2–3.1 FeO,
2.4–3.6 Al2O3); the latter is brighter in BSE images than
the former.
3.2. Oxygen isotopic compositions
Oxygen isotopic compositions of individual minerals in
CAIs and AOAs measured are shown in Fig. 5a and b
and listed in Table 2. On a three-isotope oxygen diagram,
d17O vs. d18O, compositions of most minerals plot close
to the Carbonaceous Chondrite Anhydrous Mineral
(CCAM) line with a slope of 0.94 and the primitive chon-
drule mineral (PCM) line with a slope of 1.0 (Fig. 5a).
The important exceptions are compositions of anorthite,
Sc-bearing Al,Ti-diopside, and secondary Fe-bearing Ti-
Table 2
Oxygen isotopic compositions of individual minerals in CAIs and AOAs from Kaba.
CAI/AOA# Min Spot d18O 2r d17O 2r D17O 2r
MP56-3 an a1 7.9 0.9 1.0 1.8 3.1 1.8
-‘‘- fo o1 48.2 1.5 47.7 1.7 22.6 1.9
-‘‘- fo o2 46.2 1.5 46.4 1.7 22.4 1.8
-‘‘- fo o3 48.6 1.5 48.9 1.7 23.7 1.9
-‘‘- fo o4 50.8 1.5 49.5 1.7 23.0 1.9
-‘‘- FeAl-di c1 11.3 0.9 5.3 1.3 0.6 1.4
-‘‘- FeAl-di c2 11.7 0.9 4.0 1.3 2.1 1.4
MP56-5a an a1 9.0 0.9 2.8 1.8 1.8 1.8
-‘‘- fo o1 48.5 1.5 48.4 1.7 23.2 1.9
-‘‘- fo o2 47.2 1.5 47.3 1.7 22.8 1.9
MP56-8 an a1 23.7 0.9 26.5 1.7 14.2 1.8
-‘‘- an a2 3.9 0.9 9.5 1.8 7.5 1.8
-‘‘- an a3 11.8 0.9 15.8 1.8 9.6 1.8
-‘‘- mel m1 20.7 1.5 24.3 1.7 13.5 1.9
-‘‘- mel m2 25.0 1.5 27.2 1.7 14.2 1.9
-‘‘- mel m3 5.8 1.5 0.3 1.7 3.3 1.9
-‘‘- Al-di c1 42.9 0.9 45.2 1.3 22.8 1.4
-‘‘- Al-di c2 44.8 0.9 48.3 1.3 25.0 1.4
-‘‘- Al-di c3 47.7 0.9 49.0 1.3 24.2 1.4
-‘‘- AlTi-di c4 35.9 0.9 38.9 1.3 20.2 1.4
MP57-10 an a1 2.6 1.2 2.1 1.9 3.5 2.0
-‘‘- an a2 9.0 1.2 3.7 1.9 1.0 2.0
-‘‘- an a3 1.7 1.2 3.8 1.9 4.6 2.0
-‘‘- an a4 10.5 1.2 4.4 1.9 1.1 2.0
-‘‘- an a5 8.9 1.2 3.4 1.9 1.2 2.0
-‘‘- an a6 5.6 1.2 10.3 1.9 7.3 2.0
-‘‘- an a7 4.3 1.2 1.9 1.9 4.1 2.0
-‘‘- an a8 8.7 1.2 12.9 1.9 8.4 2.0
-‘‘- an a9 1.2 1.2 5.6 1.9 6.2 2.0
-‘‘- an a10 10.5 1.2 4.4 1.9 1.0 2.0
-‘‘- an a11 12.0 1.2 5.7 1.9 0.6 2.0
-‘‘- an a12 5.6 1.2 10.3 1.9 7.4 2.0
-‘‘- an a13 6.3 1.2 0.4 1.9 3.7 2.0
-‘‘- an a15 16.4 1.2 8.3 1.9 0.2 2.0
-‘‘- mel m1 3.4 1.6 5.9 1.5 4.1 1.7
-‘‘- mel m2 2.3 1.6 4.8 1.5 3.7 1.7
-‘‘- mel m3 14.4 1.6 16.7 1.5 9.2 1.7
-‘‘- mel m4 2.4 1.6 5.5 1.5 4.2 1.7
-‘‘- mel m5 4.0 1.6 6.8 1.5 4.7 1.7
-‘‘- mel m6 5.8 1.6 8.9 1.5 5.9 1.7
-‘‘- mel m8 2.7 1.6 5.0 1.5 3.6 1.7
-‘‘- mel m9 1.0 1.6 4.2 1.5 3.7 1.7
-‘‘- mel m10 0.6 1.6 1.8 1.5 2.1 1.7
-‘‘- mel m11 1.4 1.6 1.5 1.5 2.3 1.7
-‘‘- mel m12 0.3 1.6 2.6 1.5 2.7 1.7
-‘‘- mel m13 3.8 1.6 6.5 1.5 4.6 1.7
-‘‘- Al-di c1 45.8 0.9 45.4 2.4 21.5 2.4
-‘‘- Al-di c3 47.2 0.9 47.3 2.4 22.7 2.4
-‘‘- Al-di c9 48.2 0.9 48.4 2.3 23.3 2.4
-‘‘- Al-di c11 52.7 0.9 50.4 2.4 23.0 2.4
-‘‘- Al-di c13 47.2 0.9 47.3 2.4 22.8 2.4
-‘‘- AlTi-di c4 46.0 0.9 46.0 2.3 22.1 2.4
-‘‘- AlTi-di c5 44.6 0.9 44.1 2.4 20.9 2.4
-‘‘- AlTi-di c6 43.8 0.9 43.6 2.3 20.8 2.4
-‘‘- AlTi-di c7 49.5 0.9 47.9 2.4 22.1 2.4
-‘‘- AlTi-di c8 46.5 0.9 47.4 2.4 23.2 2.4
-‘‘- AlTi-di c12 49.4 0.9 49.5 2.4 23.8 2.4
-‘‘- AlTi-di c14 43.3 1.2 45.3 1.8 22.8 1.9
-‘‘- FeAl-di c2 1.5 0.9 2.8 2.4 3.5 2.4
-‘‘- Al-di + FeAl-di c10 33.7 0.9 34.2 2.4 16.7 2.4
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Table 2 (continued)
CAI/AOA# Min Spot d18O 2r d17O 2r D17O 2r
MP57-12 an a1 12.9 1.2 5.0 1.9 1.7 2.0
-‘‘- an a2 11.8 1.2 5.6 1.9 0.6 2.0
-‘‘- an a3 12.7 1.2 5.5 1.9 1.1 2.0
-‘‘- an a4 11.5 1.2 4.9 1.9 1.1 2.0
-‘‘- an a5 10.5 1.2 5.3 1.9 0.1 2.0
-‘‘- an a6 13.3 1.2 7.0 1.9 0.1 2.0
-‘‘- an a7 7.7 1.2 1.8 1.9 2.2 2.0
-‘‘- an a8 15.7 0.9 7.6 1.5 0.6 1.5
-‘‘- an a9 15.2 0.9 6.6 1.5 1.2 1.6
-‘‘- fo o1 47.4 0.6 47.0 1.5 22.4 1.5
-‘‘- AlTi-di c4 35.9 0.9 38.9 1.3 20.2 1.4
-‘‘- AlTi-di c5 44.3 0.6 45.1 1.3 22.1 1.4
-‘‘- AlTi-di c7 45.0 0.6 47.0 1.4 23.6 1.4
-‘‘- AlTi-di c8 45.6 0.9 46.1 2.4 22.4 2.4
-‘‘- AlTi-di c9 47.9 0.9 49.5 2.3 24.6 2.4
-‘‘- AlTi-di c10 48.6 0.9 48.0 2.4 22.7 2.4
-‘‘- ScAlTi-di c1 5.7 0.6 0.4 1.3 3.4 1.3
-‘‘- ScAlTi-di c2 2.8 0.6 3.2 1.3 4.7 1.3
-‘‘- ScAlTi-di c3 1.9 0.6 3.2 1.3 4.2 1.3
-‘‘- ScAlTi-di c6 0.9 0.6 5.0 1.3 5.5 1.4
an = anorthite; Al-di = Al-diopside; AlTi-di = Al,Ti-diopside; ScAlTi-di = Sc-bearing Al,Ti-diopside; FeAl-di = Fe-bearing Ti-free
Al-diopside; fo = forsterite; mel = melilite.
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lines; the deviation increases with increase of D17O. All
CAIs and AOAs analyzed show large ranges of D17O val-
ues, from 25 to 0‰ (±2‰, 2r), with melilite and anor-
thite being systematically 16O-depleted (D17O range from
14 to 0‰) relative to the uniformly (within uncertainty
of our SIMS measurements) 16O-rich (D17O  25 to
20‰) forsterite and Al,Ti-diopsides (Fig. 5b). Other
16O-depleted minerals include Sc-rich Al,Ti-diopside in
the CAI MP57-12 (D17O range from 5.5 to 3.4‰)
and secondary Fe-bearing Ti-free Al-diopside in the AOA
MP56-3 (D17O range from 3.5 to 0.6‰).
4. DISCUSSION
4.1. Oxygen isotopic exchange during aqueous fluid-rock
interaction
Mineralogical observations and thermodynamic analysis
suggest that fayalite and magnetite in Kaba originated dur-
ing ﬂuid-assisted metasomatic alteration at 200–300 C on
the CV parent asteroid (Krot et al., 1998; Zolotov et al.,
2006; Brearley and Krot, 2012; Doyle et al., 2015). Since
these minerals formed by oxidation of oxygen-free Fe,Ni-
metal and/or by direct precipitation from an aqueous ﬂuid
(Krot et al., 1998; Brearley and Krot, 2012), their D17O of
1.5 ± 1‰ (average ± 2SD) correspond to D17O of this
ﬂuid (Krot et al., 2015).
In most chondrules from the least metamorphosed chon-
drites (petrologic type 2–3.0, e.g., Acfer 094 (C3.0
ungrouped), and CR2–3.0s), olivine and low-Ca pyroxene
phenocrysts, plagioclase, and glassy mesostases are in
oxygen-isotope equilibrium, i.e., within an individual chon-
drule, these minerals have the same D17O (within uncertainty
of SIMS measurements), suggesting crystallization from amelt having nearly constant D17O (Ushikubo et al., 2012;
Tenner et al., 2015). In contrast, olivine phenocrysts and pla-
gioclase/plagioclase mesostasis in Kaba chondrules are in
oxygen-isotope disequilibrium (Fig. 5c,d), indicating
postcrystallization oxygen-isotope exchange that aﬀected
only the plagioclase/plagioclase mesostasis (Krot et al.,
2018). On a three-isotope oxygen diagram (Fig. 5c), the oli-
vine and low-Ca pyroxene phenocrysts plot along the PCM
line (this study; Hertwig et al., 2018), whereas the plagioclase
grains and plagioclase mesostasis deviate to the right from
theCCAM line and plot alongmass-dependent fractionation
line with D17O of 1.5‰ deﬁned by the Kaba magnetite
and fayalite (Fig. 5c,d). These observations indicate that
the exchange was due to interaction with the ﬂuid (Krot
et al., 2018). Oxygen-isotope compositions of plagioclase/-
plagioclase mesostasis in Kaba chondrules have nearly the
same (within uncertainty of our SIMS measurements) D17O
as magnetite and fayalite (Fig. 5d), suggesting that the
exchange was nearly complete. Assuming that plagioclase/-
plagioclase mesostasis in chondrules and aqueously-formed
fayalite in Kaba were in oxygen-isotope equilibrium with
the same aqueous ﬂuid, temperature of the isotope exchange
of200 C can be inferred from a diﬀerence in d18O of6‰
between fayalite and plagioclase (Fig. 8).
In contrast, oxygen isotopic compositions of anorthite
in Kaba CAIs and AOAs show large variations in D17O
(from 14 to 0‰; Fig. 5b). However, on a three-isotope
oxygen diagram, these compositions systematically deviate
from the CCAM line to the right and overlap with compo-
sitions of the chondrule plagioclase/mesostasis and sec-
ondary Fe-bearing Ti-free Al-diopside in Kaba CAIs and
AOAs (Fig. 5a). Based on these observations, we infer that
anorthite in Kaba FTA CAIs and AOAs experienced oxy-
gen isotopic exchange to various degrees with the same
metasomatic ﬂuid that aﬀected oxygen isotopic composi-
Fig. 5. (a, c) Three-isotope oxygen diagrams and (b, d) D17O values of (a, b) the CAIs and AOAs and (c, d) the chondrule olivines and
plagioclase (data from Krot et al., 2018), and secondary fayalite and magnetite from Kaba (data from Krot et al., 2016). Anorthite, melilite,
Sc-bearing Al,Ti-diopside, and Fe-bearing Al-diopside are 16O-depleted to various degrees relative to Al,Ti-diospide and forsterite, suggesting
postcrystallization oxygen-isotope exchange, most likely with an 16O-poor ﬂuid on the CV parent asteroid. D17O of the ﬂuid is inferred from
O-isotope compositions of aqueously-formed magnetite and fayalite. Note that some spread in d18O of magnetite data could be instrumental
(Huberty et al., 2010). As a result, even if fayalite and magnetite are in O-isotope equilibrium, the estimate of their formation temperature
based on the diﬀerences in d18O (see Fig. 8) could be quite uncertain. an = anorthite; AlTi-di = Al ± Ti-diopside; FeAl-di = secondary Fe-
bearing Al-diopside; fo = forsterite; mel = melilite; ScAlTi-di = Sc-rich Al,Ti-diopside. Carbonaceous Chondrite Anhydrous Mineral
(CCAM) line (Clayton et al., 1977), primitive chondrule mineral (PCM) line (Ushikubo et al., 2012), and the terrestrial fractionation (TF) line
are shown for reference.
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chondrules.
Oxygen isotopic compositions of melilite in Kaba CAIs
also show a large range in D17O, from 14 to 2‰, com-
parable to that of anorthite (Fig. 5b), suggesting that a sim-
ilar exchange process could have aﬀected melilite as well.
On a three-isotope oxygen diagram, however, the composi-
tions of melilite and anorthite do not follow the same
trend: the melilite data plot between the CCAM and
PCM lines (Fig. 5a). We note, however, that contrary to
anorthite, no matrix-matched standard was used for SIMS
measurements of melilite (San Carlos olivine was used
instead); we cannot also exclude a possibility that some
IMF eﬀects could be due to a change of EM eﬃciency dur-
ing SIMS measurements). As a result, there is some uncer-
tainty on the d17O and d18O values of our Kaba melilite
data. We note that Harazono and Yurimoto (2003)
reported on oxygen isotope composition of a FTA CAIfrom the Vigarano (CV3.1–3.4) chondrite. For the analyses
of melilite, these authors used synthetic gehlenite and a˚ker-
manite. On a three-isotope oxygen diagram, compositions
of melilite in the Vigarano FTA CAI deviate to the right
from the CCAM line; the deviation increases with increase
of D17O values of melilite (Fig. 1 in Harazono and
Yurimoto, 2003). The melilite data deﬁne a trend overlap-
ping with that deﬁned by anorthite in Kaba CAIs and
AOAs. Jogo et al. (2009) described mineralogy ang
53Mn-53Cr systematics of fayalite in Vigarano, and con-
cluded that Vigarano experienced aqueous alteration nearly
contemporaneously with the Bali-like oxidized CV chon-
drites and under similar physico-chemical conditions.
Therefore, it seems likely that melilite in the Vigarano
FTA CAIs described by Harazono and Yurimoto (2003)
experienced oxygen-isotope exchange with aqueous ﬂuid
similar to that that interacted with the Kaba refractory
inclusions and chondrules.
Fig. 6. (a) Arrhenius plot of oxygen diﬀusion coeﬃcients in spinel,
a˚kermanite, gehlenite, diopside, forsterite, and anorthite under dry
and wet conditions. Data from Giletti (1978), Farver (1989),
Yurimoto et al. (1989), Ryerson and McKeegan (1994), Dohmen
et al. (2002), and Costa and Chakraborty (2008). (b) Temperature
and time dependence for a complete oxygen-isotope exchange in a
10 mm-sized anorthite (typical size of anorthite grains in FTA CAIs
and AOAs from Kaba) under dry (cyan line), and in 10, 50, 100,
and 500 mm-sized anorthite and 10 mm-sized diopside under wet
(dash-dot lines) conditions. Under the estimated conditions of
metasomatic alteration of Kaba (200–300 C), it takes between 0.1
and 0.001 Ma to exchange oxygen-isotope composition of anor-
thite with an aqueous ﬂuid. At peak metamorphic temperatures
reached by Allende (600 C) even 500 mm-sized anorthite grains
could have experienced extensive oxygen-isotope exchange under
wet conditions. The duration of wet metamorphism, however,
remains poorly constrained.
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leads to signiﬁcantly enhanced oxygen-diﬀusion rates in
many silicates compared to those under dry conditions
(e.g., Farver, 2010 and references therein). In plagioclase,
oxygen-diﬀusion rates under wet (hydrothermal) conditions
(Giletti, 1978) are considerably higher than that under dry
conditions (Yurimoto et al., 1989; Ryerson and
McKeegan, 1994) (Fig. 6a). Although oxygen-diﬀusion
coeﬃcient in diopside under wet conditions is also signiﬁ-
cantly higher then that under dry conditions, it is still signif-icantly lower than those in anorthite and melilite under dry
conditions (Fig. 6a). Under the inferred temperature of
metasomatic alteration experienced by Kaba, 200–300 C
(Zolotov et al., 2006), a 10 mm-sized crystal of anorthite
(typical grain sizes of plagioclase in Kaba chondrules,
AOAs, and CAIs) would completely exchange its oxygen
isotopic composition with an aqueous ﬂuid within 0.1–
0.001 Ma (Fig. 6b). This time scale may not be unreason-
able for a duration of alteration on the CV parent asteroid.
Under the same conditions of alteration, no signiﬁcant
change in oxygen isotopic compositions of diopside is
expected (Fig. 6a). Because there are no experimental data
on oxygen diﬀusion rates in melilite under wet conditions, a
possibility of oxygen-isotope exchange between melilite and
aqueous ﬂuid cannot be properly evaluated.
4.2. Nature of oxygen-isotope heterogeneity of chondrules
and CAIs from other CV chondrites
It has been previously concluded that all known CV
chondrites experienced ﬂuid-assisted thermal metamor-
phism, but to various degrees and under diﬀerent physico-
chemical conditions (e.g., Krot et al., 1998; Bonal et al.,
2006; Brearley and Krot, 2012). Kaba appears to have been
altered at the lowest temperature, 200–300 C (Zolotov
et al., 2006; Doyle et al., 2015). Since oxygen diﬀusion coef-
ﬁcents in minerals increase with temperature (Fig. 6a), one
can expect that anorthite, melilite, and, possibly, other min-
erals in refractory inclusions and chondrules in most CV
chondrites could have been aﬀected by oxygen-isotope
exchange during ﬂuid-rock interaction on their parent
asteroid. Systematic 16O-depletion of plagioclase/plagio-
clase mesostasis relative to olivine and low-Ca pyroxene
phenoctysts was reported in magnesian and Al-rich por-
phyritic chondrules from Allende (Maruyama et al., 1999;
Maruyma and Yurimoto, 2003; Akaki et al., 2007;
Rudraswami et al., 2011; Wakaki et al., 2013); the compo-
sitions of chondrule plagioclase and plagioclase mesostasis
deviate to the right from the CCAM line (e.g., Fig. 2. In
Akaki et al., 2007; Fig. 8 in Wakaki et al., 2013). Wakaki
et al. (2013) concluded that at 620–970 K (the estimated
peak metamorphic temperatures experieenced by Allende
(e.g., Huss et al., 2006; Itoh and Messenger, 2010)),
100 lm-sized lath-shaped plagioclase grains in Allende
could have experienced complete oxygen-isotope exchange
by solid-state diﬀusion with the Allende matrix; oxygen-
isotope compositions of larger plagioclase grains would
be partially disturbed. Note that role of aqueous ﬂuid was
considered by these authors. Since oxygen-isotope diﬀusiv-
ity in anorthite under wet conditions is much faster, it
would take much shorter time to equilibrate even larger
anorthite grains in Allende (Fig. 6b). We note, however,
that duration of metamorphism of the CV chondrite parent
asteroid under wet conditions is poorly constrained.
Based on the oxygen-isotope homogeneity of WL rims
around mineralogically pristine CAIs from the CM2,
CO3.0, CR2–3, CH3.0, and Acfer 094 (C3.0 ungrouped)
carbonaceous chondrites (Matzel et al., 2013; Bode´nan
et al., 2014; Krot et al., 2017; Ushikubo et al., 2017), and
the commonly observed heterogeneity in WL rims around
Fig. 7. (a) Three-isotope oxygen diagrams and (b) D17O values of
secondary minerals in CAIs, chondrules and matrices of the
oxidized Allende-like CV chondrites (data from Choi et al., 2000;
Krot et al., 2000, 2010b; Hua et al., 2005; Cosarinsky et al., 2008;
Jogo et al., 2011; Fintor et al., 2014). an = anorthite; andr = andra-
dite; Ca,Fe-px = salite-hedenbergite pyroxenes; dmist = dmistein-
bergite; grl = grossular; mgt = magnetite; sod = sodalite;
wol = wollastonite. The secondary minerals plot along mass-
dependent fractionation line with slope 0.5 and D17O of 2.6
± 2.6‰ (average ± 2SD). Carbonaceous chondrite anhydrous
mineral (CCAM) line, primary chondrule mineral (PCM) line,
and the terrestrial fractionation (TF) are shown for reference.
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(Allende, Vigarano, Efremovka, and Leoville) (e.g.,
Yoshitake et al., 2002; Ito and Messenger, 2008; Ito et al.,
2010; Matzel et al., 2011; Simon et al., 2011, 2012, 2013,
2014), Krot et al. (2017) hypothesized that this heterogene-
ity resulted from postcrystallization oxygen isotopic
exchange between the initially 16O-rich WL rims and an
external 16O-poor reservoir, possibly an aqueous ﬂuid, that
largely aﬀected anorthite and melilite layers of the CV CAI
WL rims. The inferred oxygen isotopic exchange between
an aqueous ﬂuid, anorthite and, possibly, melilite in chon-
drules, FTA CAIs, and AOAs from Kaba supports this
hypothesis.
The inferred oxygen isotopic exchange in anorthite and
melilite of relatively ﬁne-grained non-igneous CAIs and
AOAs from Kaba and of WL rims around CV CAIs during
ﬂuid-rock interaction on the CV parent asteroid does not
preclude oxygen isotopic exchange in coarser-grained anor-
thite, melilite, and Al,Ti-diopside of igneous CV CAIs by
gas-melt interaction, if melting occurred in 16O-depleted
regions in the protoplanetary disk (e.g., Yurimoto et al.,
1998; Itoh and Yurimoto, 2003; Ito et al., 2004; Ale´on
et al., 2007; Krot et al., 2008, 2014b; MacPherson et al.,
2012; Kawasaki et al., 2015, 2018; Ale´on, 2018). We note,
however, that (i) a possibility of oxygen isotopic exchange
in coarse-grained igneous CV CAIs during incomplete melt-
ing in the solar nebula must be supported by petrologic
observations (e.g., co-crystallizing igneous minerals must
be in isotopic equilibrium), and (ii) role of aqueous ﬂuid
with D17O of 0‰ in oxygen-isotope exchange in CV CAIs
(at least to some degree) on the CV chondrite parent aster-
oid cannot be neglected.
4.3. Nature of carbonaceous chondrite anhydrous mineral line
In d17O vs. d18O plots of extraterrestrial materials, the
CCAM line with a slope of 0.94 is often used as a refer-
ence line that is inferred to have resulted from mixing of
nebular reservoirs in the protoplanetary disk (e.g.,
Yurimoto et al., 2008 and references therein). This line
was deﬁned by R.N. Clayton and co-workers based on oxy-
gen isotopic measurements using ﬂuorination and conven-
tional gas mass-spectrometry of whole-rock and mineral
samples separated from Allende CAIs by heavy liquids
(Clayton et al., 1977). Subsequently, based on high-
precision oxygen-isotope measurements of a single Type
B1 CAI from Allende using in situ ultraviolet laser ablation
and ﬂuorination combined with gas mass-spectrometry,
Young and Russell (1998) deﬁned a line with a slope of
1.00 ± 0.03 and an intercept of –1.04 (often named in liter-
ature as Young & Russell (Y&R) line; e.g., Ushikubo et al.,
2012). Recently, based on high-precision oxygen isotopic
measurements of chondrule phenocrysts in Acfer 094
(C3.0 ungrouped) using the University of Wisconsin
Cameca ims-1280 SIMS, Ushikubo et al. (2012) deﬁned a
primitive chondrule mineral (PCM) line with a slope indis-
tinguishable from 1.0, but a more negative intercept than
Y&R line (d17O = (0.987 ± 0.013)  d18O – (2.70 ± 0.11)).
It was subsequently shown that the ﬁne-grained CAIs in
Acfer 094 (Ushikubo et al., 2017), the olivine and low-Capyroxene chondrule phenocrysts in diﬀerent carbonaceous
chondrite groups (Tenner et al., 2018 and references
therein), and the isotopically heaviest cosmic symplectites
from Acfer 094 (Sakamoto et al., 2007), also plot along
the PCM line (within uncertainties of SIMS measurements).
Ushikubo et al. (2017) concluded that the PCM line reﬂects
a mixing line between two isotopically distinct reservoirs
(‘‘mass-independent fractionated endmembers”) in the
solar nebula, 16O-rich and 16O-poor. Here we showed that
anorthite and, possibly, melilite in Kaba non-igneous
refractory inclusions experienced oxygen-isotope exchange
with a ﬂuid having D17O of 1.5 ± 1‰. This exchange
resulted in increase D17O of anorthite and possibly melilite
from Kaba CAIs and AOAs, and deviation of anorthite
compositions to the right from PCM line (Fig. 5c). Like
Kaba, the Allende meteorite also experienced metasomatic
alteration during ﬂuid-assisted thermal metamorphism, but
probably at much higher temperature, 600 C (Krot et al.,
Fig. 8. Calculated oxygen-isotope fractionations for anhydrous
silicate-water and magnetite-water as a function of temperature
(Zheng, 1991, 1993). an = anorthite; andr = andradite; fa = fay-
alite; grl = grossular; hed = hedenbergite; mgt = magnetite;
nph = nepheline; wol = wollastonite.
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Messenger, 2010). In the Allende refractory inclusions, this
alteration resulted in formation of abundant, largely anhy-
drous secondary minerals, such as magnetite, ferroan oli-
vine, salite-hedenbergite pyroxenes, andradite, grossular,
monticellite, wollastonite, sodalite, nepheline, wadalite,
anorthite, dmisteinbergite, Na-melilite, and hutcheonite
(e.g., Hashimoto and Grossman, 1987; McGuire and
Hashimoto, 1989; Brearley and Krot, 2012 and references
therein). Similar secondary minerals are present in the
Allende matrix and lithic chondritic fragments (dark inclu-
sions), consistent with an asteroidal setting of the alteration
(e.g., Kimura and Ikeda, 1995; Kojima and Tomeoka,
1996; Krot et al., 1998, 2001). On a three-isotope oxygen
diagram, compositions of the Allende secondary minerals
plot along mass-dependent fractionation line with a slope
of 0.5 and D17O of 2.6 ± 2.6‰ (average ± 2SD)
(Fig. 7). The spread of the secondary minerals along
mass-dependent fractionation line is generally consistent
with mass-dependent fractionation between these minerals
and water (Fig. 8). We note however, that since most of
these minerals were measured by SIMS without matrix-
matched standards, their d18O values are quite uncertain.
We infer that anorthite and melilite in Allende CAIs
experienced replacement by secondary minerals and oxygen
isotopic exchange with the metasomatic ﬂuid. A similar
conclusion was reached by Young and Russell (1998) based
on laser ablation measurements of mixed minerals (melilite
or Al,Ti-diopside + spinel + secondary minerals) in
Allende CAIs which on a three-isotope oxygen diagram
deﬁne slope-0.5 line (see their Fig. 3). These processes
would result in modiﬁcation of bulk oxygen isotopic com-
positions of the Allende CAIs and oxygen isotopic compo-
sitions of primary melilite and anorthite. Considering
rather ﬁne-grained nature of secondary minerals in Allende
CAIs, it seems highly unlikely that primary and secondary
minerals could have been eﬃciently separated using heavy
liquids, method used by Clayton et al. (1977). As a result,the CCAM line is probably not the primary nebular line,
instead it results from a superposition of the nebular
slope-1 line (as recorded by the PCM line; Ushikubo
et al., 2012), the mass-dependent fractionation line with
slope 0.5 deﬁned by secondary minerals (Fig. 7), and the
minerals which experienced oxygen-isotope exchange with
a ﬂuid.
4.4. Nature of oxygen isotopic reservoirs in the
protoplanetary disk
If mass-independent fractionation line with a slope of
1.0 reﬂects mixing of 16O-rich and 16O-poor reservoirs in
the protoplanetary disk, it may provide an important con-
straint on the nature of these reservoirs. The currently
favored model (often named ‘‘CO self-shielding model”)
describing the origin of these reservoirs assumes that (i)
the initial average oxygen isotopic compositions of the pri-
mordial dust and gas in the protosolar molecular cloud
were similar and close to solar (D17O = 28.4 ± 3.6‰,
McKeegan et al., 2011); (ii) CO self-shielding either in the
protosolar molecular cloud (Yurimoto and Kuramoto,
2004) or in the protoplanetary disk (Clayton, 2002; Lyons
and Young, 2005) resulted in formation of 16O-rich CO
and 17,18O-rich water, and (iii) this water subsequently
interacted with the primordial molecular cloud dust in the
protoplanetary disk to form 16O-poor solids. Although it
has been experimentally demonstrated that CO self-
shielding may result in mass-independent isotope fractiona-
tion in CO isotopologues (C16O, C17O, and C18O) with a
slope of 1.0 on a d17O vs. d18O plot (Shi et al., 2011), it
remains unclear how important this process was in chang-
ing the assumed 16O-rich compositions of the primordial
solids in the protoplanetary disk. Note that no such dust
has been identiﬁed in asteroidal or cometary dust yet;
instead, the outer and inner Solar System sampled by car-
bonaceous and non-carbonaceous meteorites (Budde
et al., 2016a,b; van Kooten et al., 2016; Kruijer et al.,
2017) are dominated by 16O-poor dust (D17O = 0 ± 5‰)
(e.g., Tenner et al., 2018 and references therein). In addi-
tion, the mechanism and timing of oxygen isotopic
exchange of this hypothetical primordial 16O-rich molecular
cloud dust remains unknown. Several mechanisms have
been suggested in the literature. These include (i) nearly
instantaneous exchange between amorphous silicates and
water at low temperature (Lyons and Young, 2005), (ii)
prolonged exchange between these species at elevated tem-
peratures, 500–900 K (Yamamoto et al., 2018), and (iii)
exchange during evaporation-condensation of disk regions
enriched in silicate dust and water ice relative solar dust/gas
ratio during high-temperature FU Orionis events
(Alexander et al., 2017).
Krot et al. (2010a) suggested that CO self-shielding
played only a minor role in evolution of oxygen isotopic
compositions of solids in the protoplanetary disk. These
authors hypothesized that (i) primordial oxygen-bearing
solid (silicates) and gaseous reservoirs (mixture of CO and
H2O) in the Solar System had
16O-depleted and 16O-
enriched compositions relative to that of the Sun, respec-
tively, and (ii) these diﬀerences in oxygen isotopic composi-
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mordial solids in the protosolar molecular cloud compared
to the gas, i.e., the slope-1 line reﬂects Galactic Chemical
Evolution (GCE). Subsequently, Lugaro et al. (2012) con-
cluded that ‘‘GCE is not the cause of mass-independent
fractionation of the oxygen isotopes in the Solar System”,
because ‘‘it is very unlikely to produce a line of slope-1
when considering the eﬀect of incomplete mixing of stellar
ejecta in the interstellar medium”. In addition, Lugaro
et al. argued that the assumption that the solar system dust
was younger than the gas could be incorrect. If these argu-
ments are valid, the existence of the nebular line with slope
of 1.0, may favor the CO self-shielding models.
5. CONCLUSIONS
We reported on the mineralogy, petrology, and in situ
measured oxygen isotopic compositions of three FTA CAIs
and two AOAs from the Kaba (CVoxB3.1) carbonaceous
chondrite. Neither the FTA CAIs nor the AOAs show evi-
dence for being melted after aggregation, and contain very
minor secondary alteration minerals (magnetite, fayalite,
hedenbergite, phyllosilicates, and Fe-bearing Ti-free Al-
diopside). There are large variations in D17O withinthe indi-
vidual CAIs and AOAs studied: anorthite, melilite, and Sc-
rich Al,Ti-diopside are 16O-depleted (D17O range from 14
to 2‰) relative to 16O-rich forsterite and Al,Ti-diopside
(D17O  25 to 20‰). Most analyses of anorthite, meli-
lite, and Sc-rich Al,Ti-diopside plot close to or along
mass-dependent fractionation line with D17O of 1.5‰
deﬁned by aqueously-formed magnetite and fayalite from
Kaba.
We conclude:
(1) Anorthite and possibly melilite in Kaba FTA CAIs
and AOAs experienced postcrystallization oxygen-
isotope exchange with the 16O-depleted aqueous ﬂuid
at 200–300 C.
(2) This process could have also aﬀected plagioclase,
glassy mesostasis, and melilite in refractory inclu-
sions and chondrules from CV3 chondrites of higher
petrologic types, which appear to have experienced
higher temperature metasomatic alteration than
Kaba and were subsequently metamorphosed.
(3) The Carbonaceous Chondrite Anhydrous Mineral
(CCAM) line deﬁned by oxygen-isotope composi-
tions of whole-rock and mineral separates of Allende
CAIs and having a slope of 0.94 is not the primary
nebular line. Instead this line results from a superpo-
sition of the nebular slope-1 line (as recorded by the
primitive chondrule mineral (PCM) line, the mass-
dependent fractionation line with slope 0.5 deﬁned
by the secondary minerals, and the minerals which
experienced oxygen-isotope exchange with an aque-
ous ﬂuid.
(4) The existence of the nebular line with slope of 1.0
favors may favor the CO self-shielding model as the
mechanism to form 16O-rich and 16O-poor reservoirs
in the protoplanetary disk.ACKNOWLEDGEMENTS
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